Long-Distance Atom-Photon Entanglement 
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We report the observation of entanglement between a single trapped atom and a single photon at remote 
locations. The degree of coherence of the entangled atom-photon pair is verified via appropriate local 
correlation measurements, after communicating the photon via an optical fiber link of 300 m length. In 
addition we measured the temporal evolution of the atomic density matrix after projecting the atom via a 
state measurement of the photon onto several well defined spin states. We find that the state of the single 
atom dephases on a timescale of 150 /is, which represents an important step toward long-distance quantum 
networking with individual neutral atoms. 
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Entanglement between light and matter 01 12, El] plays 
an outstanding role in long-distance quantum communica- 
tion, allowing efficient distribution of quantum information 
over, in principle, arbitrary large distances. By interfacing 
matter-based quantum processors and photonic communi- 
cation channels, light-matter entanglement is regarded as 
fundamental building block for future applications such as 
the quantum repeater [5|] and quantum networks. In ad- 
dition, this new kind of entanglement would allow, e.g., 
quantum teleportation JfJ of quantum states of light onto 
matter 0, 0] as well as the heralded generation of entan- 
glement between quantum memories [8] via entanglement 
swapping Light-matter entanglement is thus not only 
crucial for long range quantum communication but forms 
the basis for a first loophole-free test of Bell's inequality 
with a pair of entangled atoms at remote locations fid- 

So far, three different approaches entangling light and 
matter have been pursued. The spontaneous decay in a 
lambda-type transition of a single trapped atom/ion enables 
one to entangle the internal degree of freedom of the emit- 
ted photon with the spin-state of the atom [QI HI. Exper- 
iments in this direction recently achieved the observation 
of entanglement between two individually trapped ions 18 
the remote preparation of an atomic quantum memory 111 
and the realization of a single-atom single-photon quan- 
tum interface based on optical high-Q cavities |jl2fl . Other 
approaches are based on entanglement between coherently 
scattered photons and collective spin-excitations in atomic 
ensembles yl LZL LL3|, and entanglement between continu- 
ous variables of light and matter [0, EH- 

The relevance of light-matter entanglement for quan- 
tum networking arises from the fact that it establishes 
non-classical correlations between a localized matter-based 
quantum memory and an optical carrier of quantum in- 
formation which can easily be sent to a distant location. 
Together with appropriate quantum communication proto- 
cols like quantum teleportation this allows to map pho- 
tonic quantum information (QI) into quantum memories, 
to buffer QI, and to reconvert it later on again to pho- 
tonic quantum carriers. In this context decoherence of 



the photonic quantum channel as well as decoherence of 
the matter-based quantum memory are important figures of 
merit setting a limit how far quantum information can be 
distributed or how long this information can be stored, re- 
spectively. Therefore, the ability to generate and preserve 
light- matter entanglement over large distances [15] opens 
the possibility for long-distance distribution of quantum in- 
formation 111 611 . 

In this Letter, we report the first direct observation of en- 
tanglement between the internal state of a single trapped 
87 Rb atom and the polarization state of a single photon 
which has passed 300 m optical fiber. This is achieved 
by actively stabilizing both the birefringence of the opti- 
cal fiber-link as well as ambient magnetic fields in order to 
minimize dephasing of the atomic memory qubit, stored in 
the atomic ground state 5 2 Si/ 2 ,F = \,rnp = ±1. De- 
tailed coherence measurements of the atomic qubit show 
that photonic quantum information can be stored for about 
150 us. 

In our experiment, entanglement between the spin of a 
single optically trapped 87 Rb atom and the polarization of 
a photon is generated in the spontaneous emission process 
in a lambda-type transition y|, resulting in the maximally 
entangled atom-photon state 
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Here the two circular polarization states {|o" + ) , |<t _ )} 
of the photon define the photonic qubit, and the an- 
gular momentum states {\F = l,m F = — 1) := \l) , 
\F = l,mj? = +1) := |t) } the atomic qubit, respec- 
tively. While the atom is spatially localized in the opti- 
cal dipole trap, the emitted photon is coupled into a sin- 
gle mode optical fiber and guided to a remote location 
where a polarization analysis is performed. To measure 
and compensate drifts of the fiber birefringence, refer- 
ence laser pulses with two complementary polarizations 
(V, +45°) are sent through the optical fiber (incorporat- 
ing a fiber-based dynamic polarization controller) and the 
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FIG. 1: (Color online). Schematic of long-distance atom-photon 
entanglement, (a) During the spontaneous decay of a single op- 
tically trapped 87 Rb atom on the transition 5 2 P 3 /2,^' = — * 
5 £1/2, F — 1 the polarization of the emitted photon gets entan- 
gled with the final spin-state of the atom, (b) The emitted photon 
is coupled into a single-mode optical fiber and communicated to 
a remote location where a polarization analysis is performed. To 
overcome thermally and mechanically induced fluctuations of the 
fiber birefringence, an active polarization compensation is used. 
Therefore reference laser pulses are sent through the optical fiber 
and the output polarizations are characterized in a reference po- 
larimeter. With the help of a software algorithm and a dynamic 
polarization controller it is ensured that input and output polar- 
izations are identical. 



respective output polarizations are analyzed with a refer- 
ence polarimeter (see Fig. Q] (b)). Based on the differ- 
ence between input and output polarization a software al- 
gorithm calculates new parameters for the dynamic polar- 
ization controller thereby optimizing the alignment. One 
such step takes 0.7 s, which is currently limited by the 
switching speed of the opto-mechanical shutters. These 
steps are repeated iteratively until input and output polar- 
izations are identical within 99.9% 111 711 . Once the algo- 
rithm has compensated the fiber birefringence, typically af- 
ter 10 steps, single photons from the atom are sent through 
the fiber. To verify atom-photon entanglement the in- 
ternal atomic spin state is measured locally in two com- 
plementary measurement bases a x and a y with the help 
of a Stimulated-Raman-Adiabatic-Passage (STIRAP) tech- 
nique and correlated with the polarization analysis 
of the photon. Typically, the bare photon detection effi- 
ciency is 1.2 x 10~ 3 , including coupling losses into the sin- 
gle mode optical fiber and the limited quantum efficiency 
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FIG. 2: (Color online). Verification of atom-photon entangle- 
ment. Probability of detecting the atomic qubit in (a) | J,)^. := 
1A/2(|T) Z - ||),) and (b) \i) v := l/VSflt), - » |1> J con- 
ditioned on the detection of the photon in detector APDi or 
APD2, where the photonic qubit is projected onto the states 
1/V2(\a + ) ± e 2l/3 |cr~)). The phase j3 can be set with a rotat- 
able A/2 waveplate in front of a polarizing beam splitter (PBS). 
For [3 = 0° respectively /3/2 = 22.5° the photon is analyzed in 
the complementary measurement bases a x and a y . 

of the single photon detectors. Together with transmission 
losses in the 300 m optical fiber and coupling losses of the 
dynamic polarization controller this results in the total de- 
tection efficiency of 0.6 x 10 -3 . The final event rate of 15 
min -1 is mainly caused by frequent reloading of the dipole 
trap. 

For the analysis of entanglement, we determined the 
probability of detecting the atomic qubit in | J,)^ and ||) 
conditioned on the projection of the photon onto the states 
l/v / 2(|cr+) ± e 2il3 \a-)) (see Fig. H (a) and (b)). For 
(3 = 0° APDi and APD 2 analyze the photonic qubit in 
the eigenstates \H) : = 1/\/2(|<t + ) + \a~)) and \V) := 
l/\/2(k + > - \<T~)) of a x , whereas for /? = 45° 
APDi and APD 2 project onto the eigenstates |+45°) := 
l/V2(\a+)-i\a-)) and |-45°) := l/V2(\a+)+i\a-)) 
of a y . As expected, if a |F)-polarized photon is detected, 
the atom is found with high probability in the correspond- 
ing state \l) x , whereas if a | H) -polarized photon is reg- 
istered the atom is with low probability in the state |J,} . 
Observing similar correlations in the complementary a y 
basis of the atom (see Fig. 12b)) confirms the entangle- 
ment. The measurements in Fig. [2] show that the ob- 
served atom-photon pair is in the entangled state \^f) (see 
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FIG. 3: (color online). Spin-precession of the atomic states 

{|T> ? :=l/^(|T>, + \l) z ), \l) x :=l/V2(jT) 2 - |1>,)}, as a 
guiding field of 5.5 mG is applied along the quantization axis 
z. After the temporal evolution the population P of the | J.}^ state 
is measured. 



Eq. 1). To determine the degree of entanglement, sinu- 
soidal functions were fitted onto the measured atom-photon 
correlation data. From the fits we infer a visibility of 
V ax = 0.85 ± 0.03 for the analysis of the atomic qubit 
in a x and V a = 0.75 ± 0.03 for a y , respectively. The 
limited visibility of the atom-photon correlations is caused 
mainly by errors in the atomic state detection (7%), acci- 
dental photon detection events due to dark counts of the 
single photon detectors (3%), errors in the preparation of 
the initial state (1%), polarization drifts in the optical fiber 
during successive stabilization sequences of the dynamic 
polarization compensation (1%), and residual shot-to-shot 
dephasing of the atomic qubit due to fluctuations of the am- 
bient magnetic field. For the significantly reduced visibility 
in the atomic o~ y basis compared to a x we suppose resid- 
ual magnetic fields along the x axis, which lead to Larmor 
precession into the additional Zeeman sublevel m F = 
of the 5 2 Si/2,F = 1 hyperfine ground level lfl9h . To es- 
timate the atom-photon entanglement fidelity F at - P h we 
assume that errors in the atomic and photonic state detec- 
tion are isotropic in all three complementary measurement 
bases (white noise). Herewith we derive a minimum fi- 
delity F at _ ph of0.85±0.02. 

For future applications in long-distance quantum com- 
munication, absorption losses and depolarization of the 
photonic qubit in optical fibers are important figures of 
merit [20]. However, not only decoherence effects of the 
photon limit the distance over which quantum information 
can be distributed. Main criterion for these applications is 
the ability to store quantum information in quantum memo- 
ries, which show long coherence times. So far, for quantum 
memories based on Zeeman qubits of neutral atoms, exper- 
imental coherence times of several 10 ps have been demon- 
strated [Q.G3]. 1° principle, clock-state quantum memories 
can have much longer coherence times [21], yet, manipula- 
tion of the corresponding light-matter entanglement is far 
less practical. In our case, fluctuating magnetic fields play 
an important role as they lead to decoherence/dephasing of 



the atomic Zeeman qubit |1, ±1) and consequently to de- 
coherence/dephasing of the entangled atom-photon state. 

In order to carefully distinguish between photonic and 
atomic decoherence we characterized the coherence prop- 
erties of the atomic quantum memory by measuring the 
precession of the atomic spin in a magnetic field. This 
is achieved via quantum state tomography of the atomic 
ground level 5 2 Si/ 2 ,F = 1, reconstruction of the re- 
spective density matrix p = r\x){x\ + (1 ~~ r )l/3 019I1 . 
and determination of the corresponding purity parameter 
r. In contrast to the fidelity F = (3>|p|<&) which is 
the overlap between the measured density matrix p and 
a pure target state |<J>), the purity parameter, here r = 
y / l/2(3tr(p 2 ) — 1), is related to the coherent fraction of 
the density matrix with respect to the closest pure state 
\x) (which is in general unknown). Therefore r is ide- 
ally suited to quantify decoherence effects of our atomic 
quantum memory. 

In our spin-precession experiments, the 300 m optical 
fiber of the first experiment is replaced by a 5 m one, lead- 
ing to a negligible time delay of 25 ns between the prepa- 
ration of the entangled atom-photon pair and the initial- 
ization of the atomic spin-state via a projective polariza- 
tion measurement of the photon. The magnetic bias field 
is controlled via additional Helmholtz coils and an active 
feedback loop with an accuracy of \B\ < 2 mG. After 
the atomic spin has freely evolved for defined time peri- 
ods in the magnetic field, tomography of the final atomic 
spin state was performed by measuring populations of the 
atomic eigenstates of the Pauli spin-operators a x , a y , and 
<7 2 llllll . In the case where a small magnetic guiding field of 
5.5 mG is applied along the quantization axis z we observe 
the expected Larmor precession of a spin-1/2 atom (see 
Fig. HJ, with a 1/e dephasing time of 150 ps. In the general 
case where magnetic guiding field is not along the z-axis or 
in the case where no guiding field is applied, the atom can 
precess out of the qubit subspace {|1, —1), [1, +1)} into 
the \F = 1, nip = 0) Zeeman state of the 5 2 Si/ 2 ,F = 1 
hyperfine ground level. Thus, for complete characteriza- 
tion of decoherence effects it is necessary to reconstruct 
the 3x3 spin-1 density matrix p. This is possible with 
certain constraints. Coherences between the states |1, ±1) 
and 1 1,0) can not be measured with the present atomic 
state detection technique, as the applied STIRAP pulses 
analyze only the || L — 1) , |1,+1)} qubit subspace in a 
complete way lllll . However, the population in the 
1 1 , 0) state can be inferred as the population missing in 
the {|1, — 1),|1,+1)} subspace. To reconstruct the den- 
sity matrix p of the spin-1 state, we apply a worst-case 
assumption that there is no coherence between the |1,0) 
state and the others, and set the corresponding components 
to 0. The resulting purity parameter r thus is a conservative 
lower bound on the effective coherence of the atomic state. 

In a second measurement run no guiding field is applied 
(corresponding to the situation of a magnetic zero field 



4 





1 






1 




CD 


0.8 


CD 




E 




n3 


U.O 


to 




Q. 






0.4 






Q_ 


2 







(b) 


1 






i— 


0.8 


CD 


"CD 




E 


0.6 


t_ 


03 




Q_ 


0.4 










Q- 


0.2 








♦ I1,+1>+l1,-1> 

❖ l1,+1>-l1,-1> 



50 



100 



150 



200 









♦ 1 1,-1) 


* 




* l1,+1> 






t t 











50 100 150 

time (|js) 



200 



FIG. 4: (color online). Temporal evolution of the lower bound 
of the purity parameter r as the atom is prepared initially in the 
states (a) {IT), :=l/>/2(|T>, + U>,). ID* :=X/v^(|T> a - IDJD 
(b) {ID Z : = 1 1, +1} , \l) z := |1, — 1)}. Each measurement point 
results from a partial quantum state tomography of the spin-1 
ground level 5 2 S 1/2 ,F = 1. 



with an accuracy of ±2 mG) and dephasing of the atomic 
superposition states l/v2(|l, —1) ± |1, +1)) is analyzed 
by reconstruction of the minimal purity parameter r. Here 
we find transversal 1/e dephasing times of T 2 * = 75.. 150 
/is, see Fig. Ha). For the states |1,±1), see Fig. Hb), 
the longitudinal dephasing times are estimated by extrapo- 
lation to be > 0.5 ms. The faster dephasing of superposi- 
tion states shows, that fluctuations respectively shot- to-shot 
noise of the effective magnetic field are mainly along the 
quantization axis z. This effect is due to a small fraction of 
circularly polarized dipole-trap light (below 1 %), which 
leads in combination with a finite atomic temperature of 
150 fiK to a position-dependent differential light-shift ifl^l . 

In this Letter, we successfully demonstrated the gener- 
ation and verification of entanglement between a single 
trapped neutral atom and single photon separated by 300 
m optical fiber. Our implementation includes an active sta- 
bilization of ambient magnetic fields with an accuracy of 
\B\ < 2 mG, resulting in a dephasing time of the atomic 
memory level 5 2 Si/ 2 , i 7 = 1 of ~ 150 \x s. Longer coher- 
ence times could be reached with higher accuracy of the 
polarization of the dipole trap light, lower temperature of 
the trapped atom, and better stability of the magnetic field. 
Nevertheless, together with the implemented stable opti- 



cal fiber link also the current setup should allow to entan- 
gle two optically trapped 87 Rb atoms at locations spatially 
separated by several 100 m, ready for future applications in 
long-distance quantum networking with neutral atoms and 
a loophole-free test of Bell's inequality yfl. 
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